The popularity of high-protein diets for weight reduction is immense. However, the potential benefits from altering the source of dietary protein rather than the amount is scarcely investigated. In the present study, we examined the effects of fish protein supplement on glucose and lipid metabolism in overweight adults. A total of thirty-four overweight adults were randomised to 8 weeks' supplementation with fish protein or placebo tablets (controls). The intake of fish protein supplement was 3 g/d for the first 4 weeks and 6 g/d for the last 4 weeks. In this study, 8 weeks of fish protein supplementation resulted in lower values of fasting glucose (P,0·05), 2 h postprandial glucose (P, 0·05) and glucose-area under the curve (AUC) (five measurements over 2 h, P, 0·05) after fish protein supplementation compared to controls. Glucose-AUC was decreased after 8 weeks with fish protein supplement compared to baseline (P, 0·05), concomitant with increased 30 min and decreased 90 min and 2 h insulin C-peptide level (P,0·05), and reduced LDL-cholesterol (P,0·05). Body muscle % was increased (P,0·05) and body fat % was reduced (P, 0·05) after 4 weeks' supplementation. Physical activity and energy and macronutrients intake did not change during the course of the study. In conclusion, short-term daily supplementation with a low dose of fish protein may have beneficial effects on blood levels of glucose and LDL-cholesterol as well as glucose tolerance and body composition in overweight adults. The long-term effects of fish protein supplementation is of interest in the context of using more fish as a protein source in the diet, and the effects of inclusion of fish in the diet of individuals with low glucose tolerance should be evaluated.
The number of people being overweight and obese is increasing in epidemic proportions, and the accompanying influences on health are many and varied. Overweight and obesity are risk factors for several diseases and disorders, and the most common are insulin resistance, type 2 diabetes mellitus, high blood pressure, dyslipidaemia and CHD (1) . Insulin resistance contributes to the pathophysiology of type 2 diabetes mellitus, and occurs when normal circulating concentrations of insulin fail to achieve the expected response in target tissues such as the muscle and liver. Accumulation of fat, especially in the abdominal region, is negatively correlated with insulin sensitivity (2) , whereas skeletal muscle is considered the major organ responsible for glucose uptake in the body and is therefore an important contributor to glucose homeostasis. Obesity is an independent risk factor for CVD (3) , and obese individuals are predisposed to several cardiovascular risk factors including hypertension, dyslipidaemia and type 2 diabetes mellitus, which may increase the rate of plaque formation (4) , and weight reduction is associated with improvements in obesity-related co-morbidities (5) .
The composition of the diet, and not only the quantity of intake, may be important for achieving and maintaining weight loss over time, and a modest increase in protein intake combined with a modest reduction in glycaemic index shows positive results (6) .
The Norwegian health authorities, like most medical societies, recommend a diet relatively rich in carbohydrate and low in fat to prevent obesity and related diseases (7) . However, the public interest in alternative diets is increasing, in particular for diets with high protein and high fat content in relation to carbohydrates (e.g. Atkins and Zone diets). High intake of dietary protein at the expense of carbohydrates increases satiety in the short term, and may thereby reduce the intake of energy (8, 9) . However, the long-term effects of high-protein diets are unknown and the potential detrimental consequences on insulin resistance, glycaemic control and renal function limit their appeal for improving energy balance (8, 9) . The potential benefits from altering the source of protein, rather than the amount is scarcely emphasised in studies investigating the metabolic consequences of protein intake. Varying the protein source may modulate insulin resistance in different manners, and based on studies in both human subjects and rats, the intake of fish proteins is believed to have favourable effects on glucose tolerance and insulin sensitivity (10, 11) . Proteins from different fish species have also been shown to reduce plasma cholesterol level (12 -15) and blood pressure (16) in rats, and the beneficial effects of lean fish intake on circulation levels of cholesterol and TAG have been reported in human subjects (17) . Therefore, varying the source of protein rather than the amount may be a safer approach to the treatment of metabolic disorders.
On the basis of the beneficial properties reported from fish protein intake in animal models, we wanted to investigate the health benefits provided by the intake of a fish protein supplement in addition to the regular diet of obese and overweight individuals. To our knowledge, there are no published studies investigating the effects of fish protein supplements on glucose homeostasis, lipid metabolism, blood pressure and body composition in overweight and obese human subjects. The present study tested the hypothesis that supplementation with a low daily dose of fish protein for 8 weeks may beneficially modulate glucose tolerance, blood lipids, blood pressure and body weight in overweight and otherwise healthy adults. The fish protein was administered as tablets because it was important not to interfere with or replace the intake of animal and/or vegetable protein in the subjects' normal diets.
Experimental methods

Trial design
This study was conducted as an 8-week, double-blind, randomised, controlled intervention study with tablets containing fish protein or no active ingredients (placebo) as control. The primary outcomes of the present study were changes in glucose homeostasis, lipids, C-reactive protein (CRP), blood pressure, BMI, body weight, fat weight and muscle weight, physical activity and dietary intake of macronutrients (proteins, fats and carbohydrates) and energy during the intervention period.
The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the Regional Ethics Committee of Western Norway. Written informed consent was obtained from all subjects.
Subjects
Participants were recruited through adverts and publicity in a local newspaper in August -September 2010. A total of twenty men and twenty women were included in the study, and each intervention group consisted of ten men and ten women. All participants were free-living. The criteria for inclusion were BMI $ 27 kg/m 2 , fasting blood glucose , 7 mmol/l, age 20 -70 years, no allergies conflicting with the intake of fish and no medications that affected blood pressure, blood lipids or blood sugar. One female participant in the fish protein group initiated blood pressure-lowering medication during the first 4 weeks of the study period (Amlodipin Actavis, a Ca channel blocker), and it was decided to keep this participant in the study to preserve statistical power, but she was excluded from the analysis of systolic and diastolic blood pressure. All participants were of Norwegian ethnic origin. The participants were not allowed to take any nutritional supplements including fish oil for 4 weeks before the study and during the course of the study, and they were instructed to continue their normal eating and exercising habits during the intervention period, with a maximum of one fishmeal per week during the study. All examinations were conducted at the Department of Heart Disease, Haukeland University Hospital (Bergen, Norway).
Intervention
The fish protein tablets contained 500 mg of protein from codfish, in addition to 350 mg of stabilisation and filling agents (maltodextrin, microcrystalline cellulose, ascorbic acid and a-tocopherol) and sweeteners (fructose and vanilla). The placebo tablets consisted of 850 mg of the same sweeteners, stabilisation and filling agents as the protein tablets. Science in Nutrition Ltd/NuF (Bergen, Norway) produced the fish proteins used in this study. The tablets containing fish protein or placebos were marked A or B by the manufacturer, and participants, researchers and nurses involved in the trial were all blinded. Table 1 shows the amino acid composition of the fish protein supplement used in this study.
The participants consumed six tablets per d for the first 4 weeks of intervention, providing a total of 3000 mg of fish protein. For the last 4 weeks, the participants consumed twelve tablets per d, corresponding to 6000 mg of fish protein daily. In the study, two or four tablets were consumed preceding each of three main meals, usually breakfast, lunch and dinner to obtain an intake of 3000 or 6000 mg fish protein per d, respectively. Protocol for study visits
The total study period was 8 weeks, with controls at baseline, 4 weeks and at the end of the study (8 weeks) . The participants were asked to register their intake of food and drink for 24 h before each visit (at baseline, 4 weeks and 8 weeks), and they were interviewed about their physical activity at the visits. Examinations were conducted in the morning after an overnight fast and study tablets were not taken that morning. Body weight and body composition were measured using a bioelectrical impedance analysis device (InBody 720; Biospace Company Limited) (18, 19) . The manufacturer's guidelines for use were followed and the participants were weighed wearing light clothing and no shoes or socks. Body height was measured. Blood pressure was measured using the Sciller BP-200 plus (Sciller AG) and a medium-size cuff, after the participant had been lying relaxed for 5 min.
Blood samples were collected at five time points at each examination, i.e. in the fasting state, and 30, 60, 90 and 120 min after eating a standardised breakfast meal. Blood was collected in BD Vacutainer SST II Advance gel tubes (Becton, Dickinson and Company) for isolation of serum and K 2 EDTA Vacuette tubes (Greiner Bio-one) for collection of whole blood samples. Due to repeated sampling, the participants were offered anaesthetic patches (25 mg lidocain and 25 mg prilocain, EMLA; AstraZeneca).
A standardised breakfast meal was designed to provide a glucose load for testing the glucose tolerance during the intervention. The breakfast consisted of two slices of white bread, 10 g margarine, two slices of Norvegia cheese and 0.3 litres orange juice, and contained 54 g carbohydrates, 16 g fat and 13 g protein, and gave a total energy intake of 1754 kJ. The macronutrient and energy content was calculated using 'Mat på Data 5.1', which is based on Norwegian data of analysis, calculated values, in addition to some values collected from foreign food tables (edited in 2006 by the Norwegian Socialand Health Department, the Norwegian Food Safety Authority and the University of Oslo, http://matportalen.no/Emner/matpadata).
Analyses of serum and blood samples
Analysis of blood serum was performed by accredited routine methods at the Laboratory of Clinical Biochemistry and the Hormone Laboratory at Haukeland University Hospital (Bergen, Norway). Glycated Hb (HbA1c) in whole blood was analysed at Bevital AS (www.bevital.no). The postprandial glucose response was calculated as the area under the curve (AUC) for five glucose measurements with 30 min intervals at each visit, using the trapezoid rule as described by Matthews et al. (20) . Insulin sensitivity (homeostasis model assessment -insulin resistance (HOMA-IR)) (21) was calculated from fasting plasma glucose and insulin concentrations as glucose (mmol/l) £ insulin (mU/l) divided by 22·5.
Estimation of energy intake
Calculations of macronutrient and energy intakes were performed using 'Mat på Data 5.1', based on the reported food and drink intake data from the participants at baseline, after 4 weeks and 8 weeks.
Analysis of amino acid composition in fish protein
The amino acids in the fish protein were analysed in duplicates by BioLab Analyse/Nofima AS according to the method of Cohen & Michaud (22) . In brief, the samples were hydrolysed with 6 M-HCl at 1108C for 24 h followed by derivatisation with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. The amino acid derivatives were separated by reverse phase HPLC in a Waters 2695 Separation Unit, and read in a Waters 2475 Multi Florescence Detector, with excitation at 250 nm and emission at 395 nm.
Statistical analyses
Statistical analyses were conducted using PASW Statistics 19.0 (SPSS, Inc., IBM Company). The Shapiro -Wilks test was used to assess normality. The majority of data were not normally distributed and therefore non-parametric tests were used for all data comparisons. The Mann -Whitney U test was used to compare data between groups. The Wilcoxon signed ranks test for paired samples was used to compare changes within groups over the time course of the study. Data are presented as medians with interquartile ranges. P values , 0·05 were considered statistically significant.
Results
Participant characteristics and flow
A total of twenty men and twenty women were included in the study, and the participants were randomly assigned to fish protein or placebo groups with ten women and ten men in each group. Overall, sixteen participants in the placebo group and eighteen participants in the fish protein group completed the study. Here, five of six dropouts were men; the highest dropout was from the placebo group where four participants (three men) withdrew; two participants (both men) withdrew from the protein group. Table 2 displays the baseline characteristics of the study groups. No statistically significant differences were found between the treatment groups for age or BMI.
Energy and macronutrient intake
Participants registered their intake of food and drink for 24 h at baseline and after 4 and 8 weeks. No statistically significant changes were seen in the macronutrient and energy intake during the course of the study, and also no differences between the treatment groups were found at any time points (Table 3) .
Physical activity
The participants were interviewed about their exercising habits, and only two women in the control group reported moderate changes in their exercising behaviour during the study period. Based on the interviews, there were no significant changes in physical activity in either group (data not shown).
Glucose homeostasis
The participants underwent glucose tolerance tests at each of the three examinations (at baseline, midway (4 weeks) and at the end of the study (8 weeks) to evaluate responses of intervention on glucose homeostasis. Comparisons of fasting levels of glucose, insulin and insulin C-peptide, as well as the calculated value of HOMA-IR, revealed that there were no differences between the fish protein group and the placebo group at baseline and after 4 weeks (Table 4) . At the end of the study, the fasting glucose level was significantly lower in the fish protein group when compared to placebo, whereas no differences were seen in fasting insulin, fasting insulin C-peptide and HOMA-IR at this time point. No changes were seen in HOMA-IR or fasting levels of glucose, insulin or insulin C-peptide within the groups over time.
The glucose, insulin and insulin C-peptide levels 2 h after the glucose tolerance test (2 h glucose) were not significantly different between the groups at baseline and after 4 weeks. After 8 weeks, the 2 h glucose level was significantly lower in the fish protein group compared to placebo, but no differences between the groups were seen regarding 2 h insulin and 2 h insulin C-peptide at this time point. The 2 h insulin C-peptide level was significantly decreased after 8 weeks relative to baseline in the fish protein group. Serum levels of both insulin and insulin C-peptide were significantly increased after 30 min and significantly reduced 90 min after intake of the standardised breakfast in the fish protein group after 8 weeks when compared to baseline, whereas no changes were seen in insulin and insulin C-peptide levels after 60 min. Besides, no changes were seen in insulin and insulin C-peptide levels after 30, 60 or 90 min in the placebo group from baseline to 8 weeks. The 2 h glucose level decreased significantly from baseline to 8 weeks in the placebo group, whereas 2 h insulin and insulin C-peptide levels were unchanged.
The AUC for five glucose measurements was compared between the experimental groups, and the levels were similar at baseline and were significantly lower in the fish protein group when compared to controls after 8 weeks. The AUC within-group change was not altered in the placebo group over time. In the protein group, AUC was significantly decreased after 4 weeks, and this effect persisted to 8 weeks when compared to baseline.
HbA1c was analysed at baseline and at the end of the study. The HbA1c level was significantly increased after 8 weeks of fish protein supplementation, whereas no differences were seen between the fish protein and placebo groups at these time points. No significant change in HbA1c was observed in the placebo group.
CRP and alanine transaminase were not significantly different between groups at any time point and no significant changes were found within groups over time.
Serum lipids
Serum levels of total cholesterol, HDL-cholesterol and TAG were not significantly different between groups at any of the three time points and no statistically significant changes were seen during the course of the study (Table 5 ). The LDL-cholesterol level was significantly reduced in the fish protein group at the end of the study compared to baseline whereas no change was seen in the placebo group. A significant increase in the HDL:LDL ratio was seen in the fish protein group at the end of the study when compared to baseline. Also, no change was seen in serum bile acids over time or between groups at any time points.
Blood pressure
No significant differences were seen for systolic or diastolic blood pressure between the fish protein group and controls at any time points (Table 6 ). Also, no changes were seen in systolic or diastolic blood pressure over time for the protein group. A borderline reduction in diastolic blood pressure was seen after 8 weeks in the placebo group (P¼ 0·049) when compared to baseline.
Body weight and body composition
Body weight and body composition, shown as percentages of fat and muscle relative to body weight, did not differ significantly between groups at any time points (Table 7) . Body weight and percentage of muscle were significantly increased during the first 4 weeks of the study in the fish protein group, concomitant with a significant reduction of percentage of body fat. 
Discussion
In this randomised, double-blinded, placebo-controlled intervention study on overweight adults, we found beneficial effects of short-term supplementation of low-dose daily fish protein supplementation on glucose tolerance, serum LDLcholesterol and body composition, without significant changes in the energy and macronutrient intake or physical activity. To our knowledge, this is the first time that the health effects of a fish protein supplement have been reported in humans.
The most important finding regarding glucose homeostasis was the beneficial effect of fish protein supplement on glucose tolerance. The postprandial glucose tolerance, calculated as AUC for five glucose measurements (every 30 min for 120 min) was significantly improved after 8 weeks, and fasting glucose, 2 h glucose and AUC were lower in the fish protein group when compared to controls. This is in agreement with reports in rats fed cod protein (10) and insulin-resistant subjects eating cod fillets (11) showing increased glucose tolerance. The improved glucose tolerance may be due to factors such as increased early insulin secretion from the pancreas or increased insulin sensitivity, as both insulin and insulin C-peptide serum levels were increased 30 min postprandially after 8 weeks when compared to baseline. However, the insulin serum level was reduced after 90 min and was unchanged in the fasting state and 2 h postprandially after fish protein supplementation. Insulin C-peptide is a by-product of insulin secretion and is secreted in equimolar quantities from the pancreas together with insulin, and is catabolised at a slower rate compared to insulin and the serum insulin C-peptide level may therefore be used to estimate insulin secretion (23) . Although no change was seen in the fasting level of insulin C-peptide over time, a significant reduction in 90 min and 2 h postprandial insulin C-peptide levels were observed after 8 weeks in the fish protein group. Thus, our findings suggest that fish protein supplementation may improve glucose tolerance through increased early insulin secretion after a meal.
The HOMA-IR model was used to evaluate insulin sensitivity in the present study, estimated by mathematical modelling of fasting glucose and fasting insulin concentrations (21) . Improved insulin sensitivity could explain the improved glucose tolerance; however, no significant changes were seen in the HOMA-IR index in the fish protein group. The HOMA-IR index assumes that hepatic and peripheral insulin sensitivity contributes to the same extent to whole-body insulin sensitivity. However, the hepatic and peripheral insulin sensitivity can differ considerably in the same individual and this raises concerns about the use of the HOMA-IR index as a measure of in vivo insulin sensitivity (24) . Codfish proteins are reported to primarily improve peripheral insulin sensitivity in animals by enhancing insulin-stimulated glucose disposal (10) , and in line with this the observed improvement in glucose tolerance in the protein group may be associated with improved peripheral insulin sensitivity, meaning that one of the assumptions of the HOMA-IR model might be violated and it may be unsuitable for use in this situation. The unchanged fasting glucose and the increased HbA1c observed in the protein group after 8 weeks support the suggestion that 
AUC-glucose, area under the curve for five measurements of glucose; HbA1c, glycated Hb; ND, not determined; HOMA-IR, homeostasis model assessment -insulin resistance; ALT, alanine transaminase. * Median values were significantly different from baseline within the experimental group (P,0·05). The Wilcoxon signed-rank test was used to compare change within groups over time. † Median values were significantly different from the placebo group at the same point of time (P, 0·05). The Mann -Whitney U test was used to compare groups. ‡ n 16 in the placebo group and n 18 in the fish protein group, except for AUC and 30, 60 and 90 min serum levels of insulin and insulin C-peptide where n 12 in the placebo group, n 11 in the fish protein group. 
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ND, not determined. * Median values were significantly different from baseline within the experimental group (P,0·05). The Wilcoxon signed-rank test was used to compare change within groups over time. † The Mann-Whitney U test was used to compare groups. No significant differences were found between the groups for any time points. the benefits observed on glucose tolerance are mainly postprandial. It should be noted that the increase in HbA1c, even though statistically significant, was only marginal. The mechanisms by which codfish proteins improve glucose tolerance are unclear. The effects observed might be due to the amino acids in the tablets per se, or the effects may also be due to the presence of bioactive peptides that were either present in the fish protein or were released during digestion. Several studies comparing fish protein to protein from other sources explain the differences seen in insulin secretion and sensitivity as a consequence of different amino acid compositions (10, 11, 25, 26) . Research on the stimulating effect of individual amino acids on the insulin sensitivity and secretion has mainly been conducted in acute-effect studies, and little is known about the longer-term effects of ingestion of specific amino acids. However, Ouellet et al. (11) found that intake of cod fillet for 4 weeks improved insulin sensitivity in insulin-resistant subjects and suggested that the effects of intake of cod fillet may be caused by the amino acid composition of the cod protein acting on the insulin signalling pathway. Also Lavigne et al. (10) reported improved fasting glucose tolerance and peripheral insulin sensitivity in rats after cod protein feeding over time, and stated that the mechanisms behind these effects are still unclear.
The cod protein used in our study contained moderate amounts of branched-chained amino acids, i.e. leucine, isoleuceine and valine, which have been suggested to affect insulin secretion. Leucine is regarded as one of the most potent amino acids in the stimulation of insulin secretion, and is able to stimulate insulin secretion by pancreas in vitro even in the absence of glucose (27, 28) . Supplementation with branchedchained amino acids daily for 90 d improved insulin resistance in male patients with chronic viral liver disease (29) ; and others have shown that leucine and isoleucine improve blood glucose clearance and uptake in skeletal muscles in acuteresponse studies (30, 31) . Thus, branched-chained amino acids may therefore be important in the metabolic regulation of glucose homeostasis. Our cod protein also contained other amino acids and amino acid metabolites that may have affected the insulin sensitivity or secretion. This includes arginine, which is shown to increase peripheral and hepatic insulin sensitivity in patients with type 2 diabetes (32) , and taurine, which improves insulin sensitivity in rat models of insulin resistance (33) and type 2 diabetes (34) . Thus, the improved glucose tolerance observed after fish protein supplementation may be due to the amino acid composition of the protein.
Anti-inflammatory effects after intake of cod fillets are reported, with a reduction in serum CRP levels in humans (35) . However, we did not observe significant changes in CRP levels at any time points after intake of fish protein, which was expected since all participants had low CRP levels at baseline.
It was of interest to investigate whether the intake of fish protein would affect blood pressure and lipid homeostasis, as fish consumption is associated with a reduced risk of CHD (36) . Fish protein has been shown to beneficially affect blood pressure in rats (16) . However, in the present study, we found no changes in systolic or diastolic blood pressure Table 7 . Body weight and body composition (Median values and interquartile ranges; n 16 in the placebo group, n 18 for body weight and n 17 for fat (%) and muscle (%) in the fish protein group) after intake of fish protein, which is in line with findings in humans in the SEAFOODplus YOUNG study after intake of cod fillet (37) . However, a marginal reduction of diastolic blood pressure was observed in the placebo group (P¼0·049), which may be a chance finding. Intake of fish protein markedly decreased the LDL-cholesterol level and subsequently led to an increased HDL:LDL ratio over time, which is in line with findings in both rats and humans (12 -15,17) , without affecting serum levels of total cholesterol and bile acids.
Fish protein supplementation resulted in increased percentage of body muscle and decreased percentage of body fat after 4 weeks, concomitant with increased body weight. Although these effects were only seen in the first 4 weeks of the study, these findings are of interest in the context that the fish protein supplement was taken without energy restriction or other changes in the participants' diets during the study period. Thus, fish protein may have a potential as bioactive food for the regulation of body fat and muscle for both agerelated sarcopenia and obese patients.
It is well known that a high dietary intake of proteins may lead to weight reduction through reduced appetite and reduced intake of energy in the short term (8, 9) . In the present study, the median intake of proteins for both experimental groups combined was 82 (interquartile range 67 -99) g/d at baseline, and thus an additional protein intake of 3 or 6 g will add little to the total daily intake of protein and energy in the fish protein group. However, no changes were seen in the intake of energy or macronutrients or in physical activity in the placebo and fish protein groups, and therefore the observed effects in the present study by fish protein intake can probably not be explained by changes in appetite, food or energy intake, or energy expenditure.
The present study has some limitations. The subjects who participated in this study were recruited through adverts in the newspaper, which may have resulted in study subjects who are more motivated to weight loss and lifestyle changes than the general obese population. The participants in this study did not get any counselling regarding eating and physical activity, but they were instructed to keep to their regular habits. Participation in a study and social desirability in relation to eating right might influence the actual dietary intake (38) ; however, based on food registration, this was not the case in the present study. The small sample size increases the possibility that a clinically relevant but statistically nonsignificant result may be due to insufficient power. Another aspect of the statistical methods used is that many analyses were conducted on the same data sample. Repeated analyses on the same data increase the possibility of a type 1 error, and this involves rejecting a null hypothesis when it actually is true. This may falsely lead to the conclusion that there is difference within groups when the significant result obtained actually has occurred by chance. Many of the observed statistically significant effects were small, and the effects should be replicated in larger future trials in order to be interpreted as valid for the intervention and group of participants investigated in the present study.
In conclusion, this study shows that a daily consumption of 3 -6 g fish protein supplement without changing the dietary regimen and lifestyle may be sufficient to decrease LDLcholesterol and improve glucose tolerance and body composition in overweight adults, but did not affect blood pressure, HDL-cholesterol, bile acids, TAG or CRP. Further studies on the health effects of fish protein and lean fish are needed on larger cohorts and for longer time spans, especially concerning the implementation of fish protein or lean fish in normal diets, as well as tailor-made diets for individuals with impaired glucose tolerance and/or hyperlipidaemia.
